Chromatin-remodeling factors regulate the establishment of transcriptional programs during plant development. Although 42 genes encoding members of the SWI2͞SNF2 family have been identified in Arabidopsis thaliana, <10 have been assigned a precise function on the basis of a mutant phenotype, and none have been shown to play a specific role during the gametophytic phase of the plant life cycle. A. thaliana chromatin-remodeling protein 11 (CHR11) encodes an imitation of switch (ISWI)-like chromatin-remodeling protein abundantly expressed during female gametogenesis and embryogenesis in Arabidopsis. To determine the function of CHR11 in wild-type plants, we introduced a hairpin construct leading to the production of double-stranded RNA, which specifically degraded the endogenous CHR11 mRNA by RNA interference (RNAi). Transcription of the RNAi-inducing hairpin RNA was driven by either a constitutive cauliflower mosaic virus 35S promoter (CaMV35S) acting at most stages of the sporophytic phase or a newly identified specific promoter acting at the onset of the female gametophytic phase (pFM1). All adult transformants that constitutively lacked sporophytic CHR11 activity showed reduced plant height and small cotyledonary embryos with limited cell expansion. In contrast, RNAi lines in which CHR11 was specifically silenced at the onset of female gametogenesis (megagametogenesis) had normal height and embryo size but had defective female gametophytes arrested before the completion of the mitotic haploid nuclear divisions. These results show that CHR11 is essential for haploid nuclear proliferation during megagametogenesis and cell expansion during the sporophytic phase, demonstrating the functional versatility of SWI2͞SNF2 chromatinremodeling factors during both generations of the plant life cycle.
T he accessibility of DNA to transcription factors or other types of interacting molecules is regulated by enzymatic complexes that modify nucleosomal structure by means of ATP-dependent chromatin-remodeling or histone modification (1) . ATPdependent chromatin-remodeling factors are multisubunit complexes that alter the chromatin structure by changing the conformational state of the nucleosome. These structural changes are accomplished without covalent modification and can be involved in either the activation or the repression of transcription (2) . Members of the SWI2͞SNF2 family of ATP-dependent proteins share an ATPase domain that is essential for their chromatin-remodeling activity. In addition, SWI2͞SNF2 proteins have a large variety of Nand C-terminal domains that are often involved in their interaction with other members of specific chromatin-associated complexes. The largest eukaryotic group of SWI2͞SNF2, ATP-dependent, chromatin-remodeling proteins is the imitation of switch (ISWI) subfamily. Originally identified in Drosophila (3, 4) , ISWI members are distinguished from other SWI2͞SNF2 proteins by the presence of the SANT domain in their C-terminal region. The SANT domain was originally identified in several metazoan proteins that include SWI3, ADA2, N-CoR TFIIIBЉ, and ISWI (5) . From yeast to humans, different portions of the SANT domain are required for interaction either with histone deacetylases͞acetyltransferases (the N-terminal portion) or directly with chromatin (the C-terminal portion) (6) (7) (8) . ISWI proteins have been shown to accomplish many different functions, including transcriptional activation and repression, the assembly of chromatin structure, the replication of heterochromatin, and the cohesion of sister chromatids (9) .
Chromatin-remodeling factors have been shown to regulate the establishment of transcriptional programs at many developmental stages of the plant life cycle. Although 42 genes encoding SWI2͞ SNF2 proteins have been identified in the genome of Arabidopsis thaliana [including members of all conserved subfamilies SNF2, DDM1, ISWI, CHD, and SRCAP (www.chromdb.org)] (10), Ͻ10 have been assigned a precise function on the basis of a mutant phenotype (11) , and none have been shown to play a direct and specific role during the gametophytic phase of the life cycle. Several SWI2͞SNF2 proteins are known to be involved in the regulation of epigenetic mechanisms of plant development. For example, mutations in DECREASED IN DNA METHYLATION 1 (DDM1) cause a 70% reduction of genomic cytosine methylation and lead to morphological abnormalities in the course of inbreeding because of the accumulation of genetic and epigenetic alterations (12) (13) (14) (15) . Similarly, DRD1 encodes a chromatin-remodeling factor involved in RNA-guided DNA cytosine methylation (16) . In contrast, MOR-PHEUS MOLECULE 1 (MOM1) is required for the maintenance of transcriptional gene silencing but does not affect regular methylation patterns (17) . GYMNOS͞PICKLE encodes an SWI2͞SNF2-like protein of the CHD subfamily that acts as a repressor of meristematic genes and embryonic fate (18, 19) . Three additional SWI2͞SNF2 family members have been implicated in the temporal regulation of key developmental transitions during the plant life cycle. SPLAYED (SYD) controls the transition between vegetative and reproductive development and is required for normal carpel and ovule formation (20) . syd mutants show a wide range of pleiotropic effects, indicating that specific SWI2͞SNF2 members regulate a wide range of transcriptional events. Recently, SYD was shown to control cell fate in the shoot apical meristem by directly regulating the transcription of the master regulator WUSCHEL (21) . AtBRAHMA controls plant size and flowering time through repression of a photoperiod-dependent flowering pathway (22) . Finally, PHOTOPERIOD-INDEPENDENT EARLY FLOWER-ING 1 (PIE1) is the only ISWI family gene that has been functionally characterized in flowering plants. pie1 loss-of-function mutants show premature flowering in noninductive photoperiods independently of FLOWERING LOCUS C (FLC), a floral repressor acting at the intersection of multiple floral regulatory pathways (23) .
In this article, we report that CHR11, a constitutively expressed gene that encodes a member of the ISWI class of chromatinremodeling proteins, participates in developmental processes during the diploid (sporophytic) and the haploid (gametophytic) phase of the Arabidopsis life cycle. To determine the function of CHR11, we introduced a hairpin construct in wild-type plants that leads to the production of double-stranded RNA, which specifically degraded the endogenous CHR11 mRNA by RNA interference (RNAi). Transcription of the RNAi-inducing hairpin RNA was driven either by a constitutive promoter acting at most stages of the sporophytic phase or by a specific promoter acting at the onset of the female gametophytic phase. All adult transformants that constitutively lacked sporophytic CHR11 activity showed reduced plant height and small cotyledonary embryos with limited cell expansion. In contrast, RNAi lines in which CHR11 was specifically silenced at the onset of megagametogenesis had normal height and embryo size but had defective megagametophytes arrested before completion of the mitotic haploid nuclear divisions. Our results assign sporophytic and gametophytic functions to a gene encoding a member of the ISWI family of chromatin-remodeling factors. For RT-PCR analysis, 5 g of total RNA from developing siliques was used to synthesize first-strand cDNA by using an oligo(dT) primer (Sigma). The following primers were used for specific cDNA amplification: CHR11 (At3g06400), CHR11-sense5 (5Ј-TTACGGATCTGTCGAGTC-3Ј) and CHR11-antisense5 (5Ј-TTACGGAAGAGAAGTCTAC-3Ј); CHR17 (At5g18620), CHR17-sense2 (5Ј-AGGCTTGTGTTGAATC-CAT-3Ј) and CHR17-antisense2 (5Ј-GAGAAGTCGGAGA-CAATG-3Ј); and ACT11 (At3g12110), ACT11-sense (5Ј-TTCAACACTCCTGCCATG-3Ј) and ACT11-antisense (5Ј-TGCAAGGTCCAAACGCAG-3Ј). Agarose gels stained with ethidium bromide were blotted onto Hybond N ϩ membranes and hybridized at 65°C with a [ 32 P]cDNA probe specific to each gene tested. After exposure (3 days), autoradiograms were digitally scanned, and the intensity of the signals was assessed by using LABSWORKS 3.0.02 (Microsoft). For Northern blot analysis, 20 g of total RNA was isolated and processed as described in ref. 24 . For detection and analysis of small RNA fragments, total RNA from developing flowers was enriched for low-molecularweight RNAs by using Hamilton's solution, as described in refs. 25 and 26. A total of 60 g of low-molecular-weight RNA was separated in 15% polyacrylamide⅐8 M urea gels, electroblotted onto a ZETA-PROBE membrane (Bio-Rad) overnight at 24 V and 4°C, and crosslinked by using UV irradiation. The membranes were hybridized at 65°C to a 570-bp randomly primed, 32 P-labeled cDNA fragment corresponding to the CHR11 coding region.
Materials and Methods
Generation of RNAi Plasmids. A 542-bp cDNA fragment corresponding to nucleotides 1244-1786 of the CHR11 coding region was amplified by RT-PCR and cloned in TOPO-PCRII (Invitrogen). For cDNA amplification, we used following the primers: CHR11-sense4 (5-CGAACCATGGTCTAGACGAAGAAGGAGAC-CATAC; containing restriction sites NcoI and XbaI in boldface) and CHR11-antisense4 (TTGGCGCGCCGGATCCTTGCAA-GTCGACTTGTGG; containing restriction sites AscI and BamHI in boldface). After digesting with NcoI and AscI, the amplified CHR11 fragment was cloned in pFGC5941 in sense orientation (27) . To identify the insertion site in enhancer detector line ET499, thermal asymmetric interlaced PCR (28) was performed as described in ref. 29 . To isolate the pFM1 promoter, primers pET499-S1 (5Ј-TAAAGCTTCATACTAGCATGTATCCAC; containing the restriction site HindIII in boldface) and pET499-AS1 (5Ј-TAGGATCCGGTGGAACTTTATCGGTTT; containing the restriction site BamHI in boldface) were used to amplify an 880-bp genomic fragment in the 5Ј region of At4g12250. The fragment was subsequently cloned in TOPO-PCRII and pBI101.2 (30) . To generate the pFM1::CHR11-RNAi cassette, primers p499-S3 (5Ј-GCGAATTCATACTAGCATGTATCCAC; containing the restriction site EcoRI in boldface) and p499-AS2 (5Ј-CATGCCATGGTGGAACTTTATCGGTTT; containing the restriction site NcoI in boldface) were used to amplify pFM1 from genomic DNA. The pFGC5941 plasmid (27) was digested with EcoRI and NcoI to excise the CaMV35S promoter, and the pFM1 promoter was inserted into the same plasmid by using the EcoRI and NcoI restriction sites.
In Situ Hybridization. A specific 156-bp fragment corresponding to a portion of the CHR11 3Ј UTR was amplified by PCR using primers CHR11-sense5 (5Ј-TTACGGATCTGTCGAGTC) and CHR11-antisense5 (5Ј-TTACGGAAGAGAAGTCTAC) and subsequently cloned in TOPO-PCRII. The resulting plasmid was linearized with SstI (antisense) and BamHI (sense) and used for generating digoxigenin-labeled probes. In situ hybridization was performed as described in ref. 31 .
Histological Analysis. For semithin sections, mature seeds were fixed in 3% glutaraldehyde for 2 h, rinsed in 50 mM cacodylate buffer, and postfixed in 2% osmium tetroxide (in the same buffer). After dehydration in an acetone series, specimens were embedded in Spurr's resin, sectioned at thicknesses of 1 and 2 m on a Leica-Ultracut-R ultramicrotome (Deerfield, IL), and observed on a Leica-DMR microscope under a bright field. For whole-mount observations, individual gynoecia were dissected longitudinally by using hypodermic needles (1-ml insulin syringes, Becton Dickinson) and processed as described in ref. 32 . ␤-Glucuronidase (GUS) staining assays were conducted as described in ref. 33 . The surface area and total length of a group of at least 20 wild-type or CHR11-RNAi embryos were measured by using the image processing and analysis feature in JAVA (IMAGE-J), as described in ref. 34 .
Results and Discussion
CHR11 Is Abundantly Expressed During the Sporophytic and Gametophytic Phases. On the basis of the presence of the SANT domain, three genes belonging to the ISWI family have been identified in Arabidopsis: CHR11 (At3g06400), CHR17 (At5g18620), and PIE1 (At3g12810; www.chromdb.org). Fig. 1 illustrates the predicted domain structures of the proteins encoded by these three genes and indicates their degree of amino acid similarity, taking CHR11 as a reference. Like CHR17 and PIE, CHR11 has the SNF2 and HEL-C domains that together constitute the SWI͞ SNF ATPase domain present in all SWI2͞SNF2 chromatinremodeling proteins. The C-terminal portion of all three proteins harbors the SANT domain characteristic of ISWI-like proteins. Although CHR11 and CHR17 show a high degree of amino acid similarity in all three domains, PIE1 has limited similarity with both proteins. Publicly available expression profiles generated by microarray analysis indicate that CHR11 and CHR17 are constitutively expressed (www.genevestigator.ethz.ch͞); however, CHR11 is invariably expressed at significantly higher levels than CHR17, being 2ϫ more abundant in rosette leaves and up to 4ϫ more abundant in mature flowers and stems (35) . We confirmed the constitutive expression of both genes by RT-PCR analysis (data not shown).
To determine the spatial and temporal pattern of expression of CHR11, we characterized the mRNA localization patterns of CHR11 by in situ hybridization. To avoid the localization of CHR17 mRNA, digoxigenin-labeled probes were generated by using a distinctive portion of the CHR11 3Ј UTR. In the developing ovule, CHR11 was initially expressed in all cells of the young nucellus, including the functional megaspore ( Fig. 2A) . After the initiation of megagametogenesis, CHR11 mRNA was localized in most cells of the ovule, including the integuments, the developing megagametophyte, and the funiculus. In mature ovules, CHR11 expression was particularly strong in the cellularized megagametophyte (Fig. 2B) . After double fertilization, CHR11 expression persisted in the developing embryo and the free nuclear endosperm until seed maturity (Fig. 2 C-E) . CHR11 mRNA was also abundantly expressed in developing male gametophytes and mature pollen grains (Fig. 2F) but not in the tapetum or other sporophytic tissues of the fully differentiated anther. These results indicate that CHR11 is abundantly expressed in both sporophytic and gametophytic tissues throughout reproductive development.
Generation of Constitutive CHR11-RNAi Lines and Analysis of RNA Levels. To determine a possible sporophytic function of CHR11 in Arabidopsis, a 542-bp fragment of the CHR11 cDNA was cloned into a pFGC5941 RNAi vector in both sense and antisense orientation and used to transform wild-type Columbia plants (27, 32) . In pFGC5941, transcription of a partial CHR11 sequence is driven by a 35S promoter of the cauliflower mosaic virus (CaMV35S) and results in posttranscriptional gene silencing. A total of 42 adult primary transformants were generated, all of which showed reduced height when compared with the wild type, a defect that was consistently maintained in the T2 and T3 generations. To determine a possible relationship between a decrease in CHR11 transcript levels and the observed defective phenotype, RNA was extracted from developing floral buds and flowers of BASTA-resistant CHR11-RNAi T2 lines and used for RNA gel blot analysis. Compared with wild-type plants, all five T2 lines analyzed showed substantial decrease in the transcript levels of CHR11 (Fig. 3A) . Polyacrylamide gels were used to detect the presence of short interfering RNA fragments (siRNAs) corresponding to CHR11. siRNAs corresponding to CHR11 were detected in T2-1 and T2-2, 4) and containing globular to heart stage embryos (lanes 1 and 3) or mature cotyledonary embryos (lanes 2 and 4). After cDNA synthesis, PCR amplification was performed with primers specific to CHR11, CHR17, or ACT11. Agarose gels were blotted and probed with a corresponding gene. ACT11 was used as positive control. two lines showing strong defects in height but not in wild-type plants or other CHR11-RNAi T2 lines, confirming that the absence of mRNA expression can be associated with the degradation of the corresponding transcript (Fig. 3A) . The absence of siRNA detection in plants showing defective phenotypes could be explained by a fast siRNA turnover in lines with multiple T-DNA insertions (27) . Because the homology between CHR11 and CHR17 is 89% at the nucleic acid level in the region targeted, we performed RT-PCR in the wild-type line and in the selected line CHR11-RNAi T3-2 lines showing small embryos. To assess the levels of gene expression, we blotted the RT-PCR and hybridized the resulting membranes with radiolabeled CHR11-or CHR17-specific probes. Although a slight decrease of Ͻ15% in signal intensity was detected in embryos of CHR11-RNAi lines (Fig. 3B) , CHR11 expression was reduced to Ͻ10% at both developmental stages tested, demonstrating that in CHR11-RNAi lines, posttranscriptional gene silencing mainly affects CHR11.
Plant Height and Cell Size Are Reduced in Constitutive CHR11-RNAi
Lines. Primary CHR11-RNAi transformants were partially stunted and their maximum height was significantly lower than in the wild type. Although wild-type individuals reached a maximum mean height of 54.18 cm (Ϯ5 cm, n ϭ 11), CaMV35S::CHR11-RNAi lines had a maximum mean height of 39.2 cm (Ϯ7.5 cm, n ϭ 8; Fig. 4 A  and B) . To determine whether the defect originated early during development, whole-mounted mature embryos from the wild type and the T4 generation of the previously selected lines (CHR11- Fig. 4 C and D) . To determine the cytological nature associated with these size differences, we analyzed semithin sections of fixed mature cotyledons in ungerminated embryos. No differences in the overall pattern of cell division between wild type and CHR11-RNAi embryos were identified. The same number of cell layers and an indistinguishable number of cells per layer were found in mature cotyledons of both samples; however, cells of defective embryos were smaller than those of the wild type not only in the cotyledons but also in the radicle and the meristem. These differences were particularly evident in the L1 layer of the cotyledons (Fig. 4 E and  F) . Although wild-type L1 cells had a mean surface area of 2,447 Ϯ 182 m 2 , L1 cells in mature embryos of line T4-2 had a mean surface area of 579 Ϯ 202 m 2 . All differences in plant height, embryo length, embryo surface area, and L1 cell surface area were confirmed to be statistically significant by using 2 analysis. Overall, these results indicate that the activity of CHR11 is necessary for normal cell expansion during late embryogenesis.
pFM1 Is a Specific Promoter Driving Expression During Megagametogenesis. ET499 was identified as an enhancer detector line with uidA (GUS) reporter gene expression in the functional megaspore and the developing megagametophyte (36, 37) . A genomic sequence flanking the 3Ј border of the enhancer detector Ds transposon element was rescued by using thermal asymmetric interlaced PCR. Sequence analysis showed that the Ds element was inserted 763 bp upstream of the transcription initiation site of a gene encoding a putative nucleotide sugar epimerase (At4g12250; Fig.  5A ). We confirmed that the pattern of GUS expression in ET499 reflects the pattern of expression of At4g12250 by showing that a 880-bp genomic fragment (named pFM1) is sufficient to drive reporter gene expression in the functional megaspore in plants transformed with a pFM1::uidA translational fusion. The genomic region defining pFM1 is composed of the first 763 bp located upstream of the At4g12250 transcription initiation site and the first 117 bp of the transcribed sequence. pFM1::uidA transformants showed initial GUS expression in the functional megaspore at the onset of megagametogenesis (Fig. 5 B and C) in the developing megagametophyte (Fig. 5D) . The pattern of expression persisted in the cellularized megagametophyte but rapidly diminished after double fertilization. GUS expression was absent from all vegetative tissues tested, including seedlings, roots, leaves, stems, and floral organs. These results indicate that pFM1 is a specific promoter acting at the initial stages of megagametogenesis in the functional megaspore and probably drives expression throughout the gametophytic phase of the Arabidopsis life cycle.
CHR11 Is Essential for Haploid Mitotic Progression During Female
Gametogenesis. Although cytological evidence indicates that CaMV35S can often cause RNAi-induced posttranscriptional gene silencing in the developing megagametophyte by acting in the sporophytic cells of the ovule (32), CaMV35S-driven cell autonomous gene silencing has not been demonstrated in the gametophytic phase. Although CHR11 mRNA is abundantly localized in the megagametophyte, lines in which CHR11 was posttranscriptionally silenced by using a CaMV35S promoter did not show defects during gametophytic development or early seed formation.
To determine the specific function of CHR11 during megagametogenesis, we replaced the CaMV35S constitutive promoter by pFM1 in the RNAi-inducing plasmid pFGC5941. By transformation through the floral-dip method, 45 primary transformants were generated, none of which showed visible defects during vegetative growth, root development, or floral organogenesis; however, 8 of 45 adult transformants showed semisterility. As shown in Table 1 , all pFM1::CHR11-RNAi lines showed a frequency of ovule abortion between 44.3% (T1-19) and 51.4% (T1-32). Developmental defects in fully penetrant mutants carrying a single insertion and affecting megagametophyte development but not microgametogenesis are expected to occur at a frequency of 50%. Four lines (T2-17, T2-19, T2-29, and T2-32) were selected for subsequent genetic and cytological analysis after determining that these lines contained a single T-DNA insertion, according to Southern blot analysis. Reciprocal crosses to wild-type plants showed that male transmission was normal but that the transmission efficiency of the T-DNA through female gametes was Ͻ2% in all four lines tested (data not shown). Semisterile lines had a variable proportion of ovules showing abnormal phenotypes but no obvious defects in pollen formation. All lines underwent normal and synchronized megasporogenesis ( Fig. 6 A and F) . After differentiation of the functional megaspore, about half of the ovules divided mitotically three times and gave rise to normally cellularized megagametophytes (Fig. 6 B-D) , as is observed during wild-type development. By contrast, within the same gynoecium, the nucellus of close to 50% of mature ovules in lines pFM1 T1-17, pFM1 T1-19, and pFM1 T1-26 had a single conspicuous cell closely resembling the functional megaspore (Table 1). Interestingly, this cell enlarged and partially reabsorbed the adjacent nucellar cells (Fig. 6G) . The three other semisterile lines (including T1-29 and T1-32) showed close to 50% abnormal megagametophytes in which the functional megaspore divided mitotically one (Fig. 6H), two (Fig. 6I) , or three times with no subsequent cellularization. Wild-type plants lacking the CHR11-RNAi construct showed normal CHR11 mRNA localization in the ovule and the developing megagametophyte (Fig. 6E) . In contrast, the ovule of line pFM1 T1-29 showed CHR11 expression in sporophytic cells, including the nucellus, but not in the functional megaspore or the developing megagametophyte (Fig. 6J) , indicating that CHR11 was specifically silenced in the female gametophytic phase. The frequency of ovule abortion in pFM1::CHR11-RNAi lines indicates that the phenotype of pFM1::CHR11-RNAi lines is highly penetrant and gametophytic, with little or no influence from CHR11 activity that could be provided by diploid sporophytic cells neighboring the developing female gametophyte. Because haploid nuclear proliferation occurs in a syncytium and cellularization takes place after the formation of an 8-nucleate megagametophyte, it is reasonable to suggest that the activity of CHR11 is cell autonomous during female gametogenesis. Evidence showing that RNAi factors transported from the nucellus are sufficient to cause CaMV35S-driven posttranscriptional silencing in the megagametophyte suggest either that the level of expression of CHR11 in the sporophytic cells is not sufficient to trigger gametophytic silencing or that factors causing CHR11 silencing are degraded before reaching the megagametophyte (32) .
The activity of ISWI-related remodeling factors has proven essential for modifying the structure of chromatin during reproductive development in several eukaryotic organisms, including yeast (38) and the sea urchin (39) . In the mouse, Snf2h Ϫ/Ϫ embryos show growth arrest at the preimplantation stage, indicating that the activity of this ISWI-related protein is essential for cell proliferation during embryogenesis (40) . Our results indicate that CHR11 regulates similar growth-related programs at several developmental stages of Arabidopsis life cycle. A biochemical link between cell expansion and cell cycle regulation has been suggested to depend on the interaction of plant retinoblastoma homologues with members of the E2F family of transcription factors (41) . Although several E2F-like genes control the cell cycle in Arabidopsis (42), other members, such as AtE2Ff, have been shown to repress cell expansion (43) . The retinoblastoma protein and some of its homologues act as suppressors of E2F-like protein activity by recruiting chromatin-remodeling factors of the SWI2͞SNF2 family in both plants and animals (41) . Remarkably, the retinoblastoma homologue has been shown to control nuclear proliferation in the megagametophyte (44) , although several other genes have been also shown to control the gametophytic cell cycle (45) (46) (47) (48) . An interesting possibility is that CHR11 could act as a negative regulator of one or several members of the E2F family in the Arabidopsis, promoting nuclear proliferation during megagametogenesis and cell expansion during embryogenesis. Although this control could be exerted through the effect of endoreduplication or other mechanisms affecting cell size (49), a detailed elucidation of the cellular pathways regulated by CHR11 will require the determination of its genetic and biochemical interactions with specific molecular partners. Our findings open the possibility of elucidating the specific role that the modification of chromatin structure plays in the development and evolution of the gametophytic phase in flowering plants.
